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We compute the contact resistances Rc in trigate and FinFET devices with widths and heights in the 4
to 24 nm range using a Non-Equilibrium Green’s Functions approach. Electron-phonon, surface roughness
and Coulomb scattering are taken into account. We show that Rc represents a significant part of the total
resistance of devices with sub-30 nm gate lengths. The analysis of the quasi-Fermi level profile reveals that the
spacers between the heavily doped source/drain and the gate are major contributors to the contact resistance.
The conductance is indeed limited by the poor electrostatic control over the carrier density under the spacers.
We then disentangle the ballistic and diffusive components of Rc, and analyze the impact of different design
parameters (cross section and doping profile in the contacts) on the electrical performances of the devices.
The contact resistance and variability rapidly increase when the cross sectional area of the channel goes below
' 50 nm2. We also highlight the role of the charges trapped at the interface between silicon and the spacer
material.
I. INTRODUCTION
The electrical performances of field-effect transistors
are increasingly limited by the contact resistances Rc as
the gate length L decreases.1,2 At low drain bias Vds,
the “apparent” contact resistance can be defined as the
linear extrapolation to zero gate length of the total re-
sistance R(L) of the device. It embeds, therefore, all
contributions that are independent of L, namely: i) the
resistance of the metal-semiconductor contact, ii) the re-
sistance of the highly doped source/drain and of the lowly
doped spacers between the contacts and the gate, and iii)
the so-called “ballistic” resistance of the device (residual
resistance in the absence of scattering mechanisms). Al-
though the latter can be intrinsic to the channel, it is
usually considered part of the contact resistance as it is
independent on the gate length.
There has been a lot of theoretical and experimental
works aimed at understanding and improving the trans-
port through the channel of the transistor. At low field,
the resistance of the channel can be characterized by the
carrier mobility µ, which has been extensively measured
and calculated in a variety of silicon structures (bulk,3
films4–12 and wires13–27). There is much less literature on
the contact resistances,28–39 even though they have be-
come a major bottleneck for device performances. Most
models for the contact resistances are based on drift-
diffusion equations needing carrier mobilities as input,
which might not be well characterized in the very inho-
mogeneous source/drain extensions.
In this work, we compute the contact resistances Rc of
n-type, [110] oriented nanowire transistors40 with widths
W and heights H in the 4 to 24 nm range. We use a
a)Electronic mail: yniquet@cea.fr
Non-Equilibrium Green’s Functions (NEGF) approach,
which explicitly accounts for confinement and scatter-
ing by phonons, surface roughness, and dopants in the
inhomogeneous source and drain.41 We consider square
(W = H) and rectangular (W > H) trigate devices as
well as FinFET (H > W ) devices with realistic, bulk-like
source and drain contacts. We focus on components ii)
and iii) of the contact resistance (source/drain extensions
and ballistic resistances), and show that they indeed rep-
resent a significant fraction of the total resistance of these
devices. The methodology, based on the R(L) data ex-
trapolation, is a numerical implementation of the trans-
mission line approach10,42 (section II). It can be supple-
mented with a quasi-Fermi level analysis (section III),
which highlights where the potential drops are located in
the device, and helps to bridge NEGF with Technology
Computer Aided Design (TCAD) tools based on drift-
diffusion models. The quasi-Fermi level profile shows, in
particular, that the contact resistance is dominated by
the lowly doped spacers between the source/drain and
the channel. We then disentangle the ballistic contribu-
tion from the scattering by phonons, surface roughness
and impurities (section IV). Simple models for the differ-
ent terms confirm that the contact conductance is most
often limited by the (poor) electrostatic control over the
carrier density in the spacers. We next discuss the im-
pact of some design parameters (channel cross section
and doping profile) on the carrier mobility in the chan-
nel, contact resistance and device variability (section V).
We also investigate the effect of charges trapped at the
interface between the silicon wire and the spacer material
(Si3N4). We finally provide experimental support for the
main conclusions of this work (section VI).
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2FIG. 1. A typical n-type trigate device with width W = 10
nm, height H = 10 nm, and gate length L = 30 nm. Silicon
is in red, SiO2 in green, HfO2 in blue, and the gate in gray
(Si3N4 otherwise). The white dots in the source and drain
contacts are donor impurities. The silicon substrate is not
represented.
II. METHODOLOGY AND DEVICES
In this section, we discuss the devices, the NEGF ap-
proach, the numerical transmission line method for the
contact resistance, and a specific example.
A. Devices
A typical device is represented in Fig. 1. The channel
is a z = [110] oriented rectangular nanowire with width
W and height H, etched in a (001) Silicon-On-Insulator
(SOI) layer.26,27 It is lying on a 25 nm thick buried oxide
(BOX) and a n-doped Si substrate (donor concentration
Nd = 10
18 cm−3). The gate stack covers the top (001)
and side (11¯0) facets of the nanowire. It is made of a 0.8
nm thick layer of SiO2 (dielectric constant ε = 3.9) and
a 2.2 nm thick layer of HfO2 (ε = 20). The source and
drain are modeled as films with thickness tSD ≥ H + 7
nm. Periodic boundary conditions are, therefore, applied
along y = [11¯0], on both potential and wave functions.43
The width of the unit cell is WSD ≥ W + 14 nm. The
length of the source and drain films included in the sim-
ulation domain is LSD = 16 nm. The source and drain
are separated from the gate by Si3N4 spacers with length
Lsp = 6 nm (ε = 7.5).
Surface roughness (SR) and charge disorders are ex-
plicitly included in the geometries. For SR, we use a
Gaussian auto-correlation function model44 with differ-
ent correlation lengths Λ and rms ∆ on different facets:
Λ = 1.5 nm and ∆ = 0.25 nm on the bottom inter-
face with the BOX, Λ = 1.5 nm and ∆ = 0.35 nm on
the top (001) facet, and Λ = 2.0 nm, ∆ = 0.45 nm on
the side (11¯0) facets. We also include Remote Coulomb
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FIG. 2. Target doping profiles on the source side (the profiles
are symmetric on the drain side).
Scattering (RCS) in the gate stack as a distribution of
positive charges at the SiO2/HfO2 interface with density
nRCS = 2 × 1013 cm−2. The SR parameters for the top
and bottom interfaces are chosen to reproduce the ex-
perimental mobility in planar FDSOI devices (along the
lines of Ref. 11). The SR parameters of the side facets
as well as nRCS are chosen to reproduce the experimen-
tal mobility in W = 10×H = 10 nm trigate devices (see
section III). The sidewalls appear rougher than the top
and bottom interfaces because they are etched in the SOI
film.
The source, drain and spacers are n-doped with point
charges as models for ionized donor impurities. These
point charges are randomly scattered using the doping
profiles shown in Fig. 2 as target distribution functions.
The “Reference” profiles have Nd = 1.5 × 1020 cm−3 or
Nd = 3 × 1020 cm−3 in the contacts, and a single decay
length λ1 = 3 nm/decade under the spacers and chan-
nel. The other profiles will be discussed in detail in sec-
tion V B. Near the edges of the simulation box the point
charge distributions are mixed with the target continu-
ous background charge distributions in order to smooth
the variations of the potential at the boundaries where
the contact self-energies41 are plugged in.45
B. The NEGF approach
The current is computed in a self-consistent NEGF
framework,41,46 within the effective mass approximation
(EMA).47 The NEGF equations are solved on a finite
differences grid (with 2 A˚ step), in a fully coupled mode
space approach (160 to 352 modes depending on the cross
section). Electron-phonon scattering is described by an
acoustic deformation potential Dac = 14.6 eV,
5 and by
the three f and three g inter-valley processes of Ref. 3.
Technical details about the electron-phonon self-energies
3and solution of the NEGF equations can be found in
the Appendix of Ref. 10. The n-doped substrate is bi-
ased at back-gate voltage Vbg = 0 V and is treated semi-
classically.48
Electron-electron interactions are treated in a self-
consistent “Schro¨dinger-Poisson” approximation, i.e. the
carriers are moving in the potential created by the aver-
age density of conduction band electrons in silicon. The
effects of valence band electrons in silicon and other ma-
terials are accounted for by the dielectric constants in-
troduced in Poisson’s equation. This approximation ne-
glects Coulomb correlations that might, however, become
important in nanoscale devices.49 As a step further, we
have introduced (in a few test cases) a GW -like self-
energy accounting for the long-range correlations brought
by the dielectric mismatch between the different mate-
rials, supplemented with a local density approximation
for the short-range exchange-correlation effects.8,12,50,51
This has a moderate impact on the contact resistances
(5 − 10% increase). Since the calculation of this GW -
like self-energy is very demanding, these corrections have
been neglected in the following.
One of the main advantages of NEGF is that all
structural scattering mechanisms (SR, impurity and RCS
scattering) are treated explicitly. There is no need for
models for the interactions with these disorders. As
a matter of fact, such models are still missing un-
der the spacers, which are very inhomogeneous but
critical regions on the resistive path (see sections III
and IV). Also, at variance with most previous NEGF
calculations,16,17,22,23,25,39,52,53 the source and drain con-
tacts are wide enough with respect to the channel to act
as bulk reservoirs (with a 3D-like density of states). This
is essential for a quantitative description of the contact
resistances. The convergence with respect to tSD, WSD
and LSD has, in particular, been carefully checked.
C. Methodology
At low drain bias Vds, the total resistance of the device
is expected to increase linearly with gate length L:54
R(L) =
Vds
Ids
= R0 +Rs +Rd +
L
n1dµe
, (1)
where Ids is the drain current, Rs is the diffusive resis-
tance of the source, Rd is the diffusive resistance of the
drain, µ is the carrier mobility and n1d the carrier den-
sity per unit length in the channel, and R0 is the bal-
listic resistance of the device (residual resistance in the
absence of scattering mechanisms).54,55 At zero tempera-
ture, the ballistic conductance of a homogeneous conduc-
tor, G0 = R
−1
0 = (12.9 kΩ/N)
−1, is limited by the num-
ber N of 1D sub-bands carrying current. At room tem-
perature, G0 reads, assuming Maxwell-Boltzmann statis-
tics and a single transport mass m∗ for all sub-bands:25,54
G0 =
n1de
2
√
2pim∗kT
. (2)
It is, therefore, proportional to the carrier density in the
conductor – we will come back to that point in section
IV.
The “apparent” contact resistance Rc = R0 +Rs +Rd
can hence be extracted from the linear extrapolation of
R(L) down to L = 0 (an approach known as the trans-
mission line method42). For that purpose, we prepare a
series of devices with lengths L = 30 nm and L = 60
nm (and up to L = 90 nm), sharing the same con-
tacts (source/drain/spacers geometry and dopant distri-
butions). In order to limit the noise on the R(L) data
that might arise from different disorders at different L’s,
we repeat the 30 nm long sample of surface roughness and
RCS charges along the 60 and 90 nm long channels.10 We
can extract that way the resistance of the chosen contact
geometry and dopant distribution very accurately. We
then average the contact resistance over 3 to 8 surface
roughness profiles and dopant distributions in order to
assess local variability.
In order to ease the comparison between devices with
different cross sections, the carrier densities n2d =
n1d/Weff and the resistances R¯ = RWeff are normalized
to the total effective width of the channel Weff = W+2H.
The drain bias is Vds = 10 mV, and the threshold voltage
Vt is extracted from the Y = Ids/
√
gm function (where
gm = dIds/dVgs is the transconductance and Vgs the gate
bias).56 There are no significant short-channel effects (in
particular, no Vt roll-off) in any of the investigated de-
vices.
D. Example: The W = 10×H = 10 nm trigate
In this paragraph, we illustrate the above methodology
on a specific example: The W = 10 × H = 10 nm tri-
gate device with the “Reference 1.5×1020 cm−3” doping
profile of Fig. 2.
The total resistance of a series of devices is plotted as a
function of the channel length in Fig. 3, at gate overdrive
Vgt = Vgs − Vt = 0.69 V. As expected, the resistance
scales linearly with length in the inversion regime. The
contact resistance R¯c (red star on Fig. 3) and the channel
mobility µ can therefore be extracted from these data.
R¯c is plotted as a function of the gate overdrive Vgt and
carrier density 〈n2d〉ch in the channel in Fig. 4. 〈n2d〉ch
is defined as the average carrier density in the central, 30
nm long segment of the 60 nm long channel. R¯c follows an
approximate 〈n2d〉−βch (or V −βgt ) trend (with β close to 1).
As the conductivity is proportional to the carrier density
in the simplest Drude model, this trend suggests that
the contact resistance is dominated by the near channel
(spacers) region.57 This will be confirmed by a quasi-
Fermi level analysis in the next section.
Data for five devices with different disorders are repre-
sented in Fig. 4. The local variability due to fluctuations
in surface roughness and dopant distributions remains
weak in 10 × 10 nm devices. R¯c is compared to the to-
tal resistance R¯(L = 30 nm) of the 30 nm long devices,
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FIG. 3. Resistance R(L) as a function of gate length L for
a W = 10 × H = 10 nm trigate device with the “Reference
1.5×1020 cm−3” doping profile of Fig. 2. The gate voltage is
Vgt = Vgs−Vt = 0.69 V, which corresponds to a carrier density
〈n2d〉ch ' 9×1012 cm−2 in the channel. The shaded gray area
is the 90% confidence interval for the linear regression (dotted
red line), and the red star is the extrapolated R¯c ≡ R¯(L = 0).
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FIG. 4. Contact resistance R¯c as a function of the gate over-
drive (upper axis)/carrier density (lower axis), in a W =
10×H = 10 nm trigate device with the “Reference 1.5×1020
cm−3” doping profile of Fig. 2. Data for five devices (dotted
lines, each corresponding to different disorders in the channel
and contacts), and their average (solid line) are represented.
R¯c is compared to the total resistance R¯(L = 30 nm) of the 30
nm long devices, and to the resistance R¯0 of the corresponding
ballistic device.
and to the the resistance R¯0 of the corresponding “bal-
listic” device (neither phonons, nor SR and RCS, with
a continuous background dopant distribution in the con-
tacts). The contact resistance is around half the total
resistance in a 30 nm long device – it would hence be as
large as two-thirds the total resistance in a ∼ 15 nm long
channel. It is, moreover, much larger than the ballis-
tic resistance (especially in the strong inversion regime),
which is a component and lower bound of R¯c. The opti-
mization of the source/drain/spacers region is, therefore,
at least as important as the design of the channel in these
transistors.
III. A QUASI-FERMI LEVEL ANALYSIS OF THE
RESISTIVE PATH
The above conclusions can be further supported by
a quasi-Fermi level analysis, which highlights where the
potential drops in the system. We first define the quasi-
Fermi level in the NEGF framework, then discuss limit-
ing cases (ballistic and diffusive conductors), and finally
make a detailed analysis on the trigate device of para-
graph II D.
A. Definition
Drift-diffusion models48 assume that the carriers are
in local equilibrium with a quasi-Fermi level εf (r). The
current density in the device is then proportional to the
gradient of εf (r):
j = nµ∇rεf . (3)
In the NEGF framework, the carriers can be driven far
out-of-equilibrium, so that the quasi-Fermi level is, in
general, ill-defined. The distribution of electrons can in-
stead be characterized by the local distribution function:
f(r, E) = Docc(r, E)/D(r, E) , (4)
where Docc(r, E) = ImG
<(r, r, E)/(2pi) is the density of
occupied states (with G< the lesser Green’s function),
and D(r, E) = −ImGr(r, r, E)/pi is the total density of
states (with Gr the retarded Green’s function).41 Yet a
detailed analysis shows that f(r, E) remains close to a
Fermi function at low bias. In that limit, we can define
the quasi-Fermi level εf (r) as the chemical potential that
reproduces the NEGF carrier density n(r) assuming local
Fermi-Dirac statistics:
n(r) =
∫
dE D(r, E) f [(E − εf (r)) /kT ] , (5)
where f(x) = 1/(1 + ex) is the reduced Fermi function.
The quasi-Fermi level analysis is an efficient way to
bridge NEGF with the drift-diffusion models widely used
in industrial TCAD tools. For practical purposes, we
define a one-dimensional quasi-Fermi level εf (z) in the
device from the relation:
n1d(z) =
∫
dE D1d(z, E) f [(E − εf (z)) /kT ] , (6)
where n1d(z) and D1d(z, E) are the NEGF carrier den-
sity and density of states per unit length, which are the
integrals of n(r) and D(r, E) in the cross section at z.
5B. Limiting cases: Ballistic and diffusive conductors
In this paragraph, we address two limiting cases: the
ballistic and diffusive conductors. We discuss how the
quasi-Fermi level drops in these conductors, in order to
provide guidelines for the analysis of trigate and FinFET
devices.
Although the carrier distribution in a ballistic conduc-
tor is definitely not a Fermi-Dirac distribution,58 the so-
lution of Eq. (6) remains unambiguously defined. Let us
consider a ballistic transistor in the ON state, at low Vds
and low temperature. The potential in such a transistor
can be modeled in a first approximation as a square bar-
rier. Carriers with positive group velocities (labeled as
wave vectors kz > 0 for simplicity) are injected from the
source and are in equilibrium with the chemical potential
µs. Carriers with negative group velocities (kz < 0) are
injected from the drain and are in equilibrium with the
chemical potential µd = µs − eVds. If the carrier den-
sity is much lower in the channel than in the source and
drain (which is usually the case), most of the electrons
are backscattered by the barrier, and only a small frac-
tion flows in the channel. The quasi-Fermi level hence
tends to µs in the source, and to µd in the drain. In the
channel, there is a population of carriers with positive
group velocities flowing from the source and in equilib-
rium with µs, and a population of carriers with negative
group velocities flowing from the drain and in equilibrium
with µd. Hence, all ±kz states are filled below µd, while
only the kz > 0 states are occupied between µd and µs.
If the density of states is approximately constant in the
[µd, µs] range, the quasi-Fermi level in the channel must
be εf = (µs +µd)/2 in order to match the carrier density
with a Fermi-Dirac distribution.
This argument shows that the quasi-Fermi level essen-
tially drops at both ends of the channel in a ballistic
device.59,60 Ballistic device simulations confirm that this
is indeed the case. The width of the drop on each end of
the channel depends, in particular, on the shape of the
barrier and on the temperature. The drop is typically
faster in the strong than in the weak inversion regime,
where the quasi-Fermi level can show significant varia-
tions over the whole channel in short devices.
In a diffusive conductor on the other hand, the cur-
rent must be sustained by a finite electric field. The
quasi-Fermi level shall show the same variations as the
potential if the density is approximately constant, i.e. it
shall drop linearly in the channel at low bias.
As a concluding remark, we would like to emphasize
that the above analysis only applies at low bias, and
might break down at large Vds in both ballistic
58 and
diffusive cases.
C. Application to the W = 10×H = 10 nm trigate
The quasi-Fermi level computed in the same device as
in paragraph II D is plotted in Fig. 5 at different gate
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FIG. 5. Quasi-Fermi level in a 30 nm long, W = 10×H = 10
nm trigate device with the “Reference 1.5×1020 cm−3” doping
profile of Fig. 2, at different gate overdrives. The drain bias
is Vds = 10 mV. The shaded gray area delimits the segment
where the slope dεf/dz of the quasi-Fermi level is computed.
overdrives (drain bias Vds = 10 mV).
As expected from the above discussion, the quasi-Fermi
level tends to zero in the source (reference chemical po-
tential µs = 0), and to µd = −eVds in the drain. More-
over, the quasi-Fermi level is almost constant in the
source and drain, and drops under the spacers and in the
channel. These regions are, therefore, the most resistive
parts of the device. The resistance of the heavily doped,
bulk source and drain is negligible because the density
of carriers and cross sectional area are much larger there
than in the channel, even though the mobility is expected
to be very low in the contacts (< 100 cm2/V/s).61
The quasi-Fermi level profile is, nonetheless, strongly
dependent on the gate bias. Near or under the thresh-
old, the transport is strongly limited by the bell-shaped
barrier under the gate. The density is, moreover, very
inhomogeneous in the channel (see Fig. 6). The quasi-
Fermi level drops unevenly in the channel, and no clear
distinction can be made between a ballistic and a diffu-
sive (scattering-limited) component.
The picture is clearer at moderate to strong inversion.
The carrier density is much more homogeneous under the
gate. The quasi-Fermi level drops quasi-linearly in the
channel, and exhibits two steps under the spacers. We
can conjecture from paragraph III B that i) the transport
in the channel is diffusive (the carrier mobility µ shall
hence be proportional to slope of the quasi-Fermi level
under the gate) ; ii) the drop of the quasi-Fermi level
under the spacers is proportional to the contact resistance
R¯c (including the ballistic component R¯0).
To support these conclusions, we have recomputed the
channel mobility µ and contact resistance R¯c from the
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FIG. 6. (a) Carrier density n2d in a 30 nm long, W = 10×H =
10 nm trigate device with the “Reference 1.5 × 1020 cm−3”
doping profile of Fig. 2, at different gate overdrives. (b, c) 3D
carrier density in a longitudinal and transverse cross section
through the center of the channel (Vgt = 1.25 V). The strong
disorder in the contacts is due to dopants.
relations:
1
〈n1d〉chµe =
1
eIds
〈
dεf
dz
〉
ch
(7a)
R¯c =
Vds
Ids
− L〈n1d〉chµe , (7b)
where 〈dεf/dz〉ch is the slope of the quasi-Fermi level ex-
tracted from a linear regression in the inner z ∈ [−10, 10]
nm range of the 30 nm long channel.
The mobility and contact resistance obtained that way
are plotted in Fig. 7. They are in very good agree-
ment with those extracted with the transmission line
methodology of paragraph II C in the strong inversion
regime, where the quasi-Fermi level drops quasi-linearly
under the gate. The contact resistance is, therefore, in-
deed dominated by the spacers.57 The mobility also com-
pares well with that extracted from the R(L) data on
“homogeneous” nanowire channels without spacers and
bulk source/drain contacts (the gate then runs across the
whole simulation box – see Ref. 10). The differences
at low 〈n2d〉ch are due to the source/channel and chan-
nel/drain junctions, whose finite depletion widths result
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FIG. 7. (a) Contact resistance R¯c and (b) carrier mobility µ in
the channel of a W = 10×H = 10 nm trigate device with the
“Reference 1.5×1020 cm−3” doping profile of Fig. 2, extracted
from: i) a linear regression on the R(L) data [Eq. (1)], and ii)
the slope dεf/dz of the quasi-Fermi level under the gate of the
30 nm long device [Eqs. (7)]. The data are averaged over five
devices as in Fig. 4. The mobility computed in homogeneous
nanowire channels without spacers and S/D contacts is also
plotted (see Ref. 10) along with experimental data (Ref. 27).
in significant variations of the carrier density near both
ends of the channel (see Fig. 6). As a matter of fact, ho-
mogeneous nanowire channels without such junctions are
better suited to the calculation of the long-channel mo-
bility at low carrier density.10 The calculated mobilities
are close to the experimental data of Ref. 27 whatever
the methodology.
The analysis of the quasi-Fermi level provides an alter-
native to the R(L) methodology of paragraph II C (faster
but often less accurate at low densities). Although Fig.
5 is consistent with a drift-diffusion model using different
mobilities in the channel, spacers and bulk source/drain,
we point out that Eq. (3) is not able to capture the
ballistic component of the contact resistance on physi-
cal grounds. R¯0 might indeed be lumped in the mobility
7under the spacers, but that mobility would hardly be
transferable to other device designs.
In the next section, we discuss the different (ballistic
and diffusive) contributions to the contact resistance.
IV. ANALYSIS OF THE CONTACT RESISTANCE AND
MODELS
In this section, we break down the contact resistance
into ballistic and diffusive contributions and discuss sim-
ple models for the NEGF data.
A. Breakdown of the contact resistance into ballistic and
diffusive contributions
In order to disentangle the main contributions to the
contact resistance, we have computed the following series
of W = 10×H = 10 nm devices:
1. The “Ballistic” device without scattering (neither
phonons nor SR, RCS and impurities). In order to
preserve the electrostatics, the point-like dopants
in the source and drain are replaced by the back-
ground distribution of Fig. 2, and the RCS charges
by a uniform background at the SiO2/HfO2 inter-
face. As expected, the resistance R¯0 of this device
is independent on the device length in the L ≥ 30
nm range. It is plotted in Fig. 4.
2. Same as 1, with phonons enabled (PH).
3. Same as 2, with surface roughness and RCS enabled
(PH+SR+RCS).
4. Same as 3, with Coulomb scattering enabled in the
source and drain (PH+SR+RCS+IMP, i.e. full de-
vice with point-like dopants).
The different contact resistances are plotted as a func-
tion of 〈n2d〉ch in Fig. 8a, while the contributions from
phonons (PH), surface roughness and remote Coulomb
(SR+RCS), and impurity (IMP) scattering, defined as
the differences between the contact resistance of two suc-
cessive devices, are plotted in Fig. 8b. As before, the
data were averaged over different realizations of the dis-
orders.
The ballistic resistance is the dominant contribution
to R¯c, but represents only 40% to 50% of the total con-
tact resistance. The main diffusive component is impu-
rity scattering, followed by phonons, then SR+RCS scat-
tering. As expected, the ratio impurity/phonon scatter-
ing decreases with increasing carrier density due to the
screening of the ionized impurities by the electron gas un-
der the spacers and gate. The SR+RCS contribution is
actually dominated by RCS scattering near both ends of
the channel at low densities, and by SR scattering under
the spacers at large densities. It is, however, difficult to
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FIG. 8. (a) Contact resistance R¯c as a function of the carrier
density in a W = 10 × H = 10 nm trigate device with the
“Reference 1.5 × 1020 cm−3” doping profile of Fig. 2. Dif-
ferent scattering mechanisms have been included (see text).
(b) The ballistic, phonon (PH), surface roughness (SR+RCS),
and impurity (IMP) scattering contributions to the contact re-
sistance, obtained as differences between the data of Fig. 8a.
The dashed lines are simple models for the ballistic resistance
and phonons contribution (see text).
disentangle these two smaller contributions. Yet SR scat-
tering clearly makes a minor contribution to R¯c, while it
is a dominant mechanism in the channel. Actually, most
of the contacts undergo volume accumulation rather than
surface inversion, so that the carriers do not probe much
the surface of the spacers. The distribution of carriers
under the spacers will be discussed in more detail in the
next paragraph.
B. Models and discussion
In order to get a deeper understanding of Fig. 8, we
have computed the ballistic resistance R¯NW0 (n2d) of a ho-
8mogeneous (infinitely long) 10×10 nm nanowire channel
(dotted line in Fig. 8a).62 R¯NW0 (n2d) is significantly lower
than the ballistic resistance R¯0 of the whole device. The
cross section and carrier density are, actually, very inho-
mogeneous in the source/drain and under the spacers. In
the simplest “top of the barrier” model,63,64 the ballistic
resistance of such an inhomogeneous device shall be the
ballistic resistance of the homogeneous conductor built
from the cross section at the top of the 1D conduction
band edge profile Ec(z). At low bias, the top of the bar-
rier is very close to the point z = zmin where the carrier
density n2d(z) ≡ nmin2d reaches its minimum. We have,
therefore, plotted R¯NW0 (n
min
2d ) as a dashed black line on
Fig. 8b. This simple estimate matches the resistance of
the ballistic device much better. The point z = zmin is
under the gate in the subthreshold regime (Fig. 6), but
moves under the spacers in the ON regime. The ballis-
tic resistance is then more dependent on the design of
the spacers than on the design of the channel, and truly
appears in this respect as a “contact” resistance.
We have also attempted to recompute the phonon con-
tribution from a simple local mobility model:
R¯PH =
∫
device
dz
n2d(z)µPH(z)e
− L〈n2d〉chµPHch e
, (8)
where n2d(z) is the carrier density, µ
PH(z) the phonon-
limited mobility at z, and µPHch the inversion layer mo-
bility in the channel. The first term is resistance of the
whole device, while the second term is the resistance of an
ideal channel with homogeneous carrier density 〈n2d〉ch.
We can further approximate this expression as follows:
R¯PH ∼ 1
µPHch e
[∫
device
dz
n2d(z)
− L〈n2d〉ch
]
∼ Lref〈
∆n−12d
〉−1
µPHch e
, (9)
where〈
∆n−12d
〉
=
1
Lref
[∫
device
dz
n2d(z)
− L〈n2d〉ch
]
, (10)
and Lref is an (arbitrary) reference length. 〈∆n−12d 〉 is
the difference between the inverse carrier densities inte-
grated in the whole device and in the ideal channel, nor-
malized to Lref . We choose Lref = 2Lsp = 12 nm, so that
Eq. (9) appears as an effective spacer resistance with
an effective spacer carrier density 〈n2d〉sp ≡
〈
∆n−12d
〉−1
.
The above approximation on the local mobility is justi-
fied by the fact that the main contributions to 〈∆n−12d 〉
and R¯PH are collected under the spacers (where 1/n2d(z)
reaches its maximum in the strong inversion regime), and
near the entrance/exit of the channel (where the differ-
ences between n2d(z) and 〈n2d〉ch are the largest). In
these regions, µPH(z) can be replaced with µPHch , as µ
PH
shows a rather weak dependence on the carrier density.
This model, plotted as a dashed blue line in Fig. 8, re-
produces the NEGF data very well. It also reproduces
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FIG. 9. (a) Average carrier density 〈n2d〉ch in the channel and
〈n2d〉sp under spacers, and minimal density nmin2d in the device
as a function of the gate overdrive Vgt, in a W = 10×H = 10
nm trigate device with the “Reference 1.5×1020 cm−3” doping
profile of Fig. 2. The point where the density reaches its
minimum nmin2d is under the spacers when Vgt > 0.4 V. (b)
Gate-channel and gate spacers capacitances. The data were
averaged over five different devices.
the main trends, but is not as accurate for the surface
roughness and impurity contributions, whose mobilities
show stronger dependences on the carrier density. The
carriers indeed move from a “bulk-like” distribution in
the source to “surface-inversion-like” distribution in the
channel (Fig. 6), so that neither the inversion layer nor
the bulk mobilities hold under the spacers. In particular,
the SR-limited inversion layer mobility µSRch overestimates
the surface roughness contribution to R¯c. Indeed, n2d(z)
can be pretty large near the source/spacer junction, but
the carriers are distributed in the bulk of the nanowire,
and are, therefore much less scattered by surface rough-
ness than expected from µSRch .
As discussed above, the conductivity of the contacts
(as well as the ballistic conductance in the strong inver-
sion regime) are essentially controlled by the density of
9carriers under the spacers. The latter can be adequately
characterized by 〈n2d〉sp ≡
〈
∆n−12d
〉−1
. By definition
[Eq. (10)], the spacers are depleted (as regards trans-
port) with respect to the channel when 〈n2d〉sp . 〈n2d〉ch.
〈n2d〉ch and 〈n2d〉sp exhibit different dependences on the
gate voltage (Figs. 6 and 9). The channel is indeed
well controlled by the gate, the gate to channel capac-
itance Cch = d〈n2d〉ch/dVgt reaching a large fraction of
the oxide capacitance Cox. On the contrary, the spac-
ers are doped but are poorly controlled by the gate (be-
cause they do not overlap). The gate to spacers ca-
pacitance Csp = d〈n2d〉sp/dVgt is actually much lower
than Cch (and weakly dependent on Vgt). The spacers
do not, therefore, accumulate much excess charge in the
ON regime. In the present device, 〈n2d〉ch and 〈n2d〉sp
cross at gate overdrive Vgt ' 0.5 V. Above that gate
voltage, the carrier density shows a significant dip under
the spacers (with density nmin2d ) that makes a significant
contribution to the ballistic and diffusive resistances.
To assess charge control in different devices, we can
further approximate 〈n2d〉ch and 〈n2d〉sp by:
〈n2d〉ch ' Cox
(
Vg − Vˆt
)
〈n2d〉sp ' Csp
(
Vg − Vˆ ′t
)
, (11)
where Cox ≈ 2.7 µF/cm2 for all devices considered in
this work, and Vˆt and Vˆ
′
t are threshold voltages for the
channel and spacer, respectively.65 There is, therefore, a
linear relation between 〈n2d〉sp and 〈n2d〉ch:
〈n2d〉sp − n0 = α (〈n2d〉ch − n0) , (12)
where α = Csp/Cox < 1 and n0 = CspCox(Vˆt−Vˆ ′t )/(Cox−
Csp) is the crossover density. α and n0 are characteristic
of a design, but do not depend on the channel length (at
least in the absence of short-channel effects). As an ex-
ample, α = 0.47 and n0 = 6.1× 1012 cm−2 in the 10× 10
nm device of Fig. 9. Data for other devices will be given
in the next paragraphs. In the strong inversion regime,
R¯c is approximately proportional to 〈n2d〉−1sp . It can
therefore be written R¯c ∼ 2Lsp/(〈n2d〉spµspe), where µsp
is an “effective” spacer mobility (typically in the 55− 65
cm2/V/s range). We would like to stress, though, that
µsp embeds the ballistic resistance and shall not, there-
fore, be interpreted as a diffusive mobility transferable to
other spacer lengths.
To conclude, we would like to remind that the
present NEGF calculations miss the contribution from
the metal/semiconductor contact resistance. The latter
is expected to be weakly dependent on Vgt, and shall
therefore appear as a rigid shift R¯′c = R
′
cWeff , where
R′c is independent of Vgt and of Weff (as long as the
metal/semiconductor contact remains the same whatever
the design of the channel).
V. IMPORTANCE OF THE DESIGN OF THE NEAR
SPACER REGION
As discussed above, the design of the spacers can have a
great impact on the contact resistance. We investigate in
this section the effect of the cross section of the nanowire
(for a given doping profile), then the effect of the doping
profile (at constant cross section), and finally the effect
of charges trapped in the spacer material.
A. Influence of the cross section
The contact resistance and channel mobility are plot-
ted as a function of the carrier density 〈n2d〉ch for trigate
and FinFET devices with different cross sections W ×H
in Fig. 10. They have been extracted from linear re-
gressions on the R(L) data on full devices and on ho-
mogeneous channels,10 respectively. In order to improve
the readability of the figure, we have actually plotted
R¯c × 〈n2d〉ch as a function of 〈n2d〉ch in Fig. 10a,c. Fig.
10a,b display the results for “square” trigate devices with
side W = H ranging from 4 to 10 nm, and Fig. 10c,d
the results for horizontal trigate and vertical FinFET de-
vices with either W = 8 nm or H = 8 nm. The doping
profile is “Reference 1.5× 1020 cm−3” from Fig. 2. The
standard deviation on R¯c (±1σ) computed on a set of
eight different devices is also reported for square trigate
devices as a measure of local variability.
The carrier mobility in the channel of square trigates
decreases when the cross section is reduced due to the en-
hancement of scattering by structural confinement. The
picture is, however, very dependent on the carrier den-
sity. At high density, inversion mostly takes place at the
surface of the nanowire (except in the 4× 4 nm device).
Hence the current flows on the top and two side facets,
and transport along each facet is mainly limited by SR
scattering on that facet. The mobility is, therefore, little
dependent on the cross section. The carriers, however,
flow closer to the axis of the nanowire when decreasing
〈n2d〉ch and W , and get eventually scattered by the other
facets of the nanowire. This explains the strong depen-
dence of the mobility on the cross section at intermediate
carrier densities. At small carrier densities, the transport
becomes limited by Remote Coulomb scattering.
In square trigate devices, the normalized contact re-
sistance R¯c also tends to increase with decreasing cross
section, especially below W = H = 8 nm. In the strong
inversion regime, R¯c is about three times larger in a 4×4
nm than in a 10 × 10 nm device, hence the denormal-
ized contact resistance R¯c/Weff is almost 7 times larger.
The same analysis as in section IV shows that the ballis-
tic and diffusive components of R¯c are both enhanced by
confinement in the 4× 4 nm device. The main contribu-
tors at high inversion are now impurity scattering, then
surface roughness scattering, the ballistic resistance, and
finally electron-phonon scattering. The increase of diffu-
sive components partly results, as for the channel mobil-
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FIG. 10. Contact resistance R¯c×〈n2d〉ch (a, c) and channel mobility µ (b, d) as a function of the carrier density 〈n2d〉ch in the
channel, for devices with different cross sections W ×H. The doping profile is “Reference 1.5× 1020 cm−3” from Fig. 2. (a, b)
are “square” trigate devices (W = H). The standard deviation on the contact resistance, representative of local variability, is
represented by the error bars (±1σ). (c, d) are“rectangular” trigate and FinFET devices with either W = 8 nm or H = 8 nm.
The mobility and contact resistances of planar (001)/(110) FDSOI devices and symmetric (110) double gate devices (DG) are
also reported for comparison.66
ity, from the enhancement of scattering by confinement.
Yet the degradation of R¯c is mostly due to the decrease of
the carrier density under the spacers. The crossover den-
sity indeed decreases when reducing cross section (down
to n0 ' 5.4× 1011 cm−2 in the 4× 4 nm trigate), so that
the spacers become a strong bottleneck already at weak
inversion densities. This results from the decrease of the
number of dopants under the spacers and from the in-
crease of the surface to volume ratio. Indeed, on the one
hand, the linear density of carriers and conductivity un-
der the spacers are expected to be proportional (in the
simplest approximation) to the number of dopants per
unit length, nd ∝ WH. On the other hand, the spacers
feed a channel with total width Weff = W + 2H. There-
fore, the normalized contact resistance of a square trigate
is expected to behave as R¯c ∝ (W + 2H)/(WH) ∝ 1/W .
As a consequence, the contact resistance can be as large
as 75% of the total device resistance in a 30 nm long,
4× 4 nm trigate at gate overdrive Vgt ' 0.7 V (see Table
I).
The device to device variability also increases a lot
when reducing cross section. As the average number of
dopants under each spacer decreases from ' 13 in the
10×10 nm device to only ' 2 in the 4×4 nm device, the
fluctuations of the number and position of these dopants
have increasing impact on the electrostatics and trans-
port properties of the transistors.52,53,67
The contact resistance and mobility in rectangular tri-
gate and FinFET devices (Figs. 10c, d) also show sizable
dependence on the cross section. Actually, vertical Fin-
FET devices withH W are expected to reach the same
contact resistance and mobility µ110 as planar (110),
symmetric double-gate (DG) devices,66 while horizontal
trigate devices with W  H are expected to reach the
same contact resistance and mobility µ001 as planar (001)
FDSOI devices.66 µ110 is smaller than µ001 due to the
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W ×H 〈Nimp〉 σimp〈Nimp〉 n0 (cm
−2) α
Rc
R(30 nm)
4× 4 nm 1.9 0.74 5.4× 1011 0.36 0.75
5× 5 nm 3.1 0.58 1.8× 1012 0.39 0.67
8× 8 nm 8.1 0.36 4.9× 1012 0.43 0.61
10× 10 nm 12.7 0.28 6.1× 1012 0.47 0.57
8× 16 nm 16.3 0.24 5.0× 1012 0.46 0.59
8× 24 nm 24.6 0.19 4.7× 1012 0.48 0.62
16× 8 nm 16.3 0.24 7.2× 1012 0.46 0.60
24× 8 nm 24.6 0.19 9.8× 1012 0.49 0.58
TABLE I. Average number of impurities 〈Nimp〉 under each
spacer and normalized standard deviation σimp/〈Nimp〉 in tri-
gate devices with the “Reference 1.5 × 1020 cm−3” doping
profile of Fig. 2. Crossover density 〈n0〉, ratio α = Csp/Cox,
and ratio between the average contact resistance Rc and the
total resistance R(L = 30 nm) of 30 nm long devices, at gate
overdrive Vgt = 0.7 V.
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FIG. 11. Contact resistance Rc (per wire) as a function of
the cross-sectional area S = WH in different kinds of de-
vices (square and horizontal trigates, vertical FinFETs) at
gate overdrive Vgt = 0.7 V.
stronger surface roughness and heavier transport mass
along (110) facets [the ground state valley is the Z valley
with transport mass m∗ = 0.19m0 in (001) films and the
heavier X,Y valleys with transport mass m∗ ≈ 0.32m0
in (110) films]. The mobility is therefore larger in tri-
gate devices with W > H than in FinFET devices with
H > W . As an example, the W = 24×H = 8 nm trigate
shows 30% larger mobility than the W = 8×H = 24 nm
FinFET at high inversion density (〈n2d〉ch = 1013 cm−2).
It also shows 30% lower contact resistance, but this per-
formance can hardly be related with the better channel
mobilities. As a matter of fact, the contact resistance
of planar (001) and (110) FDSOI devices are quite sim-
ilar while their mobilities are very different (primarily
because the spacers do not undergo as strong surface in-
version as the channel). Likewise, the denormalized con-
tact resistance Rc = R¯c/Weff of the W = 8 nm×H = a
FinFET and of the W = a×H = 8 nm trigate are very
close. As pointed out for square trigates, and confirmed
by Fig. 11, Rc is almost inversely proportional to the
cross sectional area S = WH of the spacers in this range
of dimensions (except for the smallest devices). However,
the spacers of the vertical FinFET feed a much larger
channel (Weff = 2a + 8 nm) than those of the horizon-
tal trigate (Weff = a + 16 nm). This explains why the
normalized contact resistance R¯c of the vertical FinFETs
shows a weak dependence on H, and remains very close
to the reference (110) double gate device, while the nor-
malized contact resistance of horizontal trigate devices
rapidly improves with increasing W . In general, devices
that maximize effective channel width for a given cross
section will show larger normalized contact resistances.
B. Influence of the doping profile
In this paragraph, we discuss the impact of the doping
profile on the contact resistance in a W = 10 ×H = 10
nm trigate device.
We have considered the different doping profiles plot-
ted in Fig. 2. On the source side, the ionized impurity
concentration Nd(z) reads:
Nd(z) = N
0
d ×
1
1 + 10(z−z1)/λ1
× 1
1 + 10(z−z2)/λ2
, (13)
where N0d is the dopant concentration deep in the source
(N0d = 1.5 × 1020 cm−3 or N0d = 3 × 1020 cm−3).
Nd(z) is approximately equal to N
0
d when z < z1, then
decreases by almost one order of magnitude every λ1
when z1 < z < z2, and one order of magnitude every
(λ−11 +λ
−1
2 )
−1 when z > z2. In the following, z1 = zc−6
nm is the entrance of the source spacer (zc being the en-
trance of the channel), while z2 can be varied around zc
(see Table II). The “Reference 1.5×1020 cm−3” and “Ref-
erence 3 × 1020 cm−3” profiles feature one single decay
length λ1 = 3 nm/decade (λ2 →∞), while the other pro-
files feature two distinct decay lengths. The “small un-
derlap” profile is an optimal distribution resulting from
a process simulation. The doping profiles are symmetric
under the drain.
The contact resistances R¯c computed in the W = 10×
H = 10 nm trigate device are plotted as a function of
gate overdrive/carrier density in Fig. 12. The devices
with N0d = 3×1020 cm−3 all show lower resistances than
the devices with N0d = 1.5 × 1020 cm−3. Indeed, larger
N0d ’s tend to increase the carrier density in the spacers
[larger n0 in Eq. (12)], hence to decrease the contact
resistance. As a matter of fact, n0 is greater than 10
13
cm−2 in all N0d = 3× 1020 cm−3 devices.
In general, slower decay under the spacer also decreases
the contact resistance, as shown by the comparison be-
tween the devices with N0d = 3 × 1020 cm−3. The effect
is not spectacular though, as in a 10×10 nm channel the
tail of impurities near the gate only contains on average
one donor per nanometer at Nd(z) = 10
19 cm−3 – the
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Name N0d (cm
−3) λ1 (nm) z2 − zc (nm) λ2 (nm) 〈Nimp〉 n0 (cm−2) α
Reference 1.5× 1020 cm−3 1.5× 1020 3.0 0.0 +∞ 12.7 6.1× 1012 0.47
Reference 3× 1020 cm−3 3× 1020 3.0 0.0 +∞ 25.4 1.3× 1013 0.61
Strong underlap 3× 1020 4.0 −2.0 1.5 28.4 1.4× 1013 0.67
Small underlap 3× 1020 4.0 0.0 1.5 32.4 2.1× 1013 0.64
Small overlap 3× 1020 4.0 4.0 1.5 34.2 2.3× 1013 0.49
TABLE II. Parameters for the different doping profiles of Fig. 2 [See Eq. (13)]. The average number of impurities 〈Nimp〉 under
the spacers of a W = 10×H = 10 nm trigate device, the crossover density 〈n0〉, and the ratio α = Csp/Cox are also given.
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the different doping profiles of Fig. 2.
number of dopants at the entrance/exit of the channel
remains therefore very low.
The trends evidenced in Fig. 12 have been confirmed
on a W = 8 × H = 16 nm FinFET device. We would
like to point out that the above doping profiles have little
impact on the carrier mobilities in the channel, and on
the threshold voltage Vt at small Vds. Yet larger N
0
d
and slower decay under the spacers can increase drain-
induced barrier lowering at large Vds ; the problem of
the contact resistances at high fields is, however, beyond
the scope of the present work and will be discussed in an
other paper.
C. Influence of charges trapped at the Si/Si3N4 interface
Charges trapped in the channel at the Si/SiO2 or
SiO2/HfO2 interface are known to be strong scatterers,
especially at low carrier densities. In this paragraph, we
investigate the effects of charges trapped at the interface
between the wire and the spacer material.
For that purpose, we have computed the contact resis-
tances R¯c of a W = 10×H = 10 nm trigate device, with
different densities σs of positive or negative charges ran-
σs (cm
−2) 〈Qsp〉 (e) n0 (cm−2) α
−7.5× 1012 −0.3 8.0× 1011 0.38
−2.5× 1012 8.3 3.5× 1012 0.45
(Reference) 0 12.7 6.1× 1012 0.47
2.5× 1012 17.1 7.9× 1012 0.47
7.5× 1012 25.7 1.3× 1013 0.48
TABLE III. Average dopant plus trapped charges 〈Qsp〉 un-
der the spacers of a W = 10×H = 10 nm trigate device with
the “Reference 1.5×1020 cm−3” doping profile of Fig. 2, as a
function of the density of trap charges σs at the Si/Si3N4 in-
terface. The crossover density 〈n0〉 and the ratio α = Csp/Cox
are also given.
domly distributed at the Si/Si3N4 interface. R¯c is plot-
ted in Fig. 13, as a function of gate overdrive for a given
σs, and as a function of σs for different gate overdrives.
The threshold voltage Vt and the carrier mobility in the
channel are little dependent on the density of traps.
The effects of positive and negative trap charges are
opposite. Positive trap charges slightly decrease the con-
tact resistance, whereas negative trap charges strongly
increase it. The picture is symmetric for a p-type tran-
sistor: positive (resp. negative) trap charges increase
(resp. decrease) the contact resistance. Also, the effect
of the trap charges is almost the same whether they are
distributed randomly at the Si/Si3N4 interface [curves
labeled “(A)” on Fig. 13], or replaced by a continuous
interface charge distribution [curves labeled “(C)” on Fig.
13]. Therefore, the variations of R¯c are essentially driven
by electrostatics, and not by scattering (at variance with
RCS for example).
As a matter of fact, interface traps behave as sur-
face dopants, and can therefore enhance accumulation
under the spacers (n0 increases when σs > 0), or deplete
the wire (n0 decreases when σs < 0, see Fig. 14 and
Table III). This either increases (σs > 0) or decreases
(σs < 0) the conductivity under the spacers. The effect
of these traps shall, therefore, be captured by any method
that reproduces the correct electrostatics, including drift-
diffusion models.
The effects of surface traps increase with increasing
surface to volume ratio under the spacers, i.e. with de-
creasing channel cross section, and with decreasing dop-
ing. As an example, R¯c(σs = −2.5 × 1012 cm−2) −
R¯c(σs = 0) is around twice larger in a 5 × 5 nm than
in a 10×10 nm trigate at high inversion densities. Inter-
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FIG. 13. (a) Contact resistance R¯c as a function of the gate
overdrive (upper axis)/carrier density in the channel (lower
axis), for different densities of trapped charges σs at the
Si/Si3N4 interface. The device is a W = 10 × H = 10 nm
trigate with the “Reference 1.5 × 1020 cm−3” doping profile
of Fig. 2. “(A)” means atomistic (point-like) charge distri-
butions, and “(C)” means continuous background charge dis-
tributions at the Si/Si3N4 interface. (b) Contact resistance
R¯c as a function of σs, for different gate overdrives/carrier
density in the channel.
estingly, the contact resistance remains almost the same
if a 0.8 nm thick layer of SiO2 is inserted between silicon
and Si3N4, and the traps are moved at the SiO2/Si3N4 in-
terface. This results, again, from the electrostatic nature
of the mechanism at play here, and can be contrasted
with the behavior of RCS in the channel, whose scatter-
ing strength decreases exponentially with the thickness
of the interfacial layer of SiO2.
7 The effect of charges
trapped in the bulk of the spacers is, as expected, weaker
than the effect of charges trapped at the interface with
silicon. Namely, R¯c(σs) ' R¯c(ρsts) in the 10 × 10 nm
trigate of Fig. 13, where ρs is the density of traps in the
bulk of Si3N4, and ts = 2.5 nm is an effective thickness
relating the effects of bulk charges to those of surface
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FIG. 14. Carrier density n2d in a 30 nm long, W = 10×H =
10 nm trigate device with the “Reference 1.5 × 1020 cm−3”
doping profile of Fig. 2, for different densities of trapped
charges σs at the Si/Si3N4 interface (gate overdrive Vgt = 0.69
V).
charges.
As a consequence of these results, a change of spacer
material might improve the contact resistance of one kind
of carrier (e.g., electrons) but degrade the contact resis-
tance of the other one (e.g., holes) if the spacer and/or
its interface with silicon gets charged differently.
VI. COMPARISON WITH EXPERIMENTAL DATA
We conclude this work by a comparison with experi-
mental data on trigate devices with cross sections W =
14×H = 12 nm and W = 40×H = 12 nm fabricated at
CEA/LETI.26 The gate stacks are made of 0.9 nm of SiO2
and 2 nm of HfO2 (effective oxide thickness EOT = 1.3
nm). The spacers are 9 nm long. The target doping in
the source and drain is N0d ' 3× 1020 cm−3; the doping
profiles are modeled with Eq. (13) using z1 − zc = −9
nm, λ1 = 6 nm, and z2 = zc nm, λ2 = 1.5 nm in the
source. These values are characteristic of slightly under-
lapped devices.
The experimental contact resistances and mobilities
are extracted with the same transmission line method
as in the simulations in the L = 50− 200 nm range. The
R(L) data are averaged over 14 devices. The total resis-
tance of the W = 40 nm device is plotted as a function of
gate length in Fig. 15a (with ±1σ error bars). It shows
the expected linear behavior, although there is a small
quadratic correction that might be due to the fact that
long wires tend to thin in the middle. The mobility in
the W = 14 nm device, measured as the slope of the
R(L) data, is close to the mobility in 10×10 nm trigates
(Fig. 7), and is in excellent agreement with NEGF calcu-
lations. The contact resistances obtained from the linear
regressions down to L = 0 are plotted as a function of Vgt
14
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FIG. 15. (a) Total resistance measured as a function of gate
length in W = 40 × H = 12 nm trigate devices, for dif-
ferent gate overdrives. (b) Measured contact resistances in
W = 40 × H = 12 nm and W = 14 × H = 12 nm trigate
devices, as a function of gate overdrive. They are compared
with simulations for a W = 14 ×H = 12 nm trigate and for
a planar, 12 nm thick (001) FDSOI device.
in Fig. 15b, for both the W = 40 nm and the W = 14
nm devices. They are compared with NEGF simulations
for the W = 14 nm device and for a planar, 12 nm thick
(001) FDSOI device.
The experimental data show the same ∝ V −βgt depen-
dence as the simulations. The experimental contact re-
sistances for the W = 14 nm device are, nonetheless,
10−20 Ω.µm larger than the simulations in the Vgt ≥ 0.4
V range. We remind, though, that the simulations miss
the metal/semiconductor contact resistance, which shall
actually be around 20 Ω.µm.68,69 The experimental data
for the W = 40 nm device lie, as expected from section
V A, between the simulations for the W = 14 nm device
and for the planar (001) FDSOI device. The larger dis-
crepancies at Vgt ∼ 0.2 V might result from the lower
accuracy of the extrapolations down to L = 0 (enhanced
device-to-device variability near the threshold and larger
slope of the R(L) data), and/or from missing Coulomb
correlations in the simulations.
The experimental data therefore support the main con-
clusions of this work about the dependence of the contact
resistance on the gate bias and on the cross section. Such
a V −βgt behavior, if not properly accounted for in compact
models for the transistors, can strengthen the dependence
of the mobility on gate length in short channels.57,70,71
VII. CONCLUSIONS
We have computed the contact resistance Rc of tri-
gate and FinFET devices using Non-Equilibrium Green’s
Functions. At low drain bias, Rc can represent a very
large fraction of the total resistance of these devices, so
that the design of the source/drain is as or even more
important than the design of the channel in sub-20 nm
technologies. The spacers between the heavily doped
source/drain and the gate are the most resistive parts
of the devices and dopant fluctuations under these spac-
ers a major source of variability. The conductance under
the spacers is typically limited by the poor electrostatic
control over the charge density in these areas. The car-
rier density can indeed show a dip there, which enhances
both ballistic and diffusive components of Rc. As a conse-
quence, the resistance of the spacers has a near ∝ 1/Vgt
dependence, which, if not properly accounted for, can
partly explain the apparent dependence of the channel
mobility on length in short devices.57,70,71 We have in-
vestigated the impact of the channel width W and height
H, and the impact of the source/drain doping profiles on
the device performances. The contact resistance Rc is
more dependent on the cross sectional area S = WH of
the spacers than on the effective width Weff = W + 2H
of the channel. Hence, devices such as FinFETs that
maximize the effective width for a given cross sectional
area tend to show larger normalized contact resistances
R¯c = RcWeff . Also, the contact resistance and variability
dramatically increase when the cross sectional area of the
channel is . 50 nm2. Finally, we have shown that defects
at the interface between silicon and the spacer material
act as surface dopants, which, depending on their charge,
improve or degrade the contact resistance.
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